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A B S T R A C T

The pericellular matrix (PCM) surrounding chondrocytes is essential for articular cartilage tissue engineering. As
the current isolation methods to obtain chondrocytes with their PCM (chondrons) result in a heterogeneous
mixture of chondrocytes and chondrons, regenerating the PCM using a tissue engineering approach could prove
beneficial. In this study, we aimed to discern the behavior of articular chondrocytes (ACs) in regenerating the
PCM in such an approach and whether this would also be true for articular cartilage-derived progenitor cells
(ACPCs), as an alternative cell source. Bovine ACs and ACPCs were encapsulated in agarose microgels using
droplet-based microfluidics. ACs were stimulated with TGF-β1 and dexamethasone and ACPCs were sequentially
stimulated with BMP-9 followed by TGF-β1 and dexamethasone. After 0, 3, 5, and 10 days of culture, PCM
components, type-VI collagen and perlecan, and ECM component, type-II collagen, were assessed using flow
cytometry and fluorescence microscopy. Both ACs and ACPCs synthesized the PCM before the ECM. It was seen
for the first time that synthesis of type-VI collagen always preceded perlecan. While the PCM synthesized by ACs
resembled native chondrons after only 5 days of culture, ACPCs often made less well-structured PCMs. Both cell
types showed variations between individual cells and donors. On one hand, this was more prominent in ACPCs,
but also a subset of ACPCs showed superior PCM and ECM regeneration, suggesting that isolating these cells may
potentially improve cartilage repair strategies.

Introduction

Articular hyaline cartilage regeneration is a long-standing challenge
with significant implications for joint homeostasis. If left untreated,
local chondral defects significantly increase the risk of developing
osteoarthritis [1]. Thus, finding adequate cartilage repair techniques is
relevant. Cell-based approaches for cartilage repair, like autologous
chondrocyte implantation (ACI), use articular chondrocytes (ACs) har-
vested from a cartilage biopsy taken from the patient [2]. Despite the
relief of clinical symptoms, the use of ACs often results in fibrocartila-
ginous tissue development with inferior properties and longevity
compared to the native tissue [3,4]. The two main causes of failure are
the loss of the chondrogenic phenotype during expansion [5] and the

loss of the native cell microenvironment [6].
Embedded in their native tissue, ACs are surrounded by a thin layer

of highly specialized pericellular matrix (PCM), which are together
called the chondron. The chondron is considered to be the functional
unit of articular cartilage, as the PCM is essential for the transduction of
biophysical stimuli to the cells [7–9]. Type-VI collagen and perlecan are
considered essential PCM components, as the colocalization of these
proteins has imperative effects on PCM stiffness [10,11]. Additionally,
perlecan can modulate the activity of growth factors [12].

During cartilage regeneration, ACs are known to produce PCM before
the functional extracellular matrix (ECM) [13], stressing the importance
of the presence of an appropriate cell microenvironment. Not surpris-
ingly, chondron-based approaches lead to more effective outcomes
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compared to bare ACs [14–16]. However, enzymatic isolation of chon-
drons results in low yields, heterogeneous cell populations [17,18], and
the loss of important matrix components [19]. This increases the de-
mand for alternative methods of obtaining or producing chondrons. An
in vitro tissue engineering approach could provide a potential solution.

Since in vitro expansion of ACs leads to the loss of the chondrogenic
phenotype, alternative cell sources have been extensively explored. The
use of mesenchymal stromal cells (MSCs) is widespread in literature as
they are readily available as an autologous cell source [20,21]. How-
ever, using MSCs is often associated with hypertrophic differentiation
and the formation of fibrocartilage and calcified cartilage [22]. Another
potential cell source is articular cartilage-derived progenitor cells
(ACPCs). These cells have major benefits over both ACs and MSCs as
they keep their chondrogenic potential even after extensive passaging
[23,24] and refrain from hypertrophic differentiation [25]. Addition-
ally, there are reports that ACPCs have superior capabilities to form
neocartilage when compared to ACs [26]. Considering that a PCM is
required for ACs to produce their ECM, it is hypothesized that the same
holds for ACPCs. However, since there are only very limited reports on
PCM formation by ACPCs [27], the ability of ACPCs to produce a PCM
still has to be investigated in more detail.

To assess PCM synthesis by ACs and ACPCs, hydrogels are the most
promising platform. ACs are known to produce and maintain their PCM
in agarose hydrogels [28], making agarose a suitable material. The use
of micro-scale agarose hydrogels allows for the quantitative analysis of
matrix synthesis by single cells or small cell clusters using multipa-
rameter flow cytometry [29]. Using such a platform will allow the
exploration of a temporal sequence in the production of different matrix
components.

In this study, we aim to regenerate the cartilage PCM using an in vitro

tissue engineering approach. To assess their potential as an alternative
to ACs, the ability of ACPCs to produce a PCM will also be investigated.
We hypothesize that, like ACs, ACPCs produce PCM components before
ECM synthesis. Due to ACPC’s enhanced capacity to produce ECM, we
anticipate PCM synthesis to resemble that of ACs, preceding ECM syn-
thesis. Sequential stimulation with bone morphogenic protein-9 (BMP-
9) and transforming growth factor-β (TGF-β) was used to enhance the
chondrogenic potential of ACPCs [30,31]. Agarose microgels manufac-
tured with droplet-basedmicrofluidics were used as a carrier for ACs and
ACPCs, enabling the analysis of differences in matrix synthesis by in-
dividual cells and small cell clusters. Since ACPCs are a selected cell
population, it is expected that these cells show more homogeneous cell
behavior compared to ACs. To evaluate PCM and ECM synthesis, type-VI
collagen, perlecan, and type-II collagen produced in the cell-laden
microgels was analyzed using flow cytometry and fluorescence
microscopy.

Results

Droplet-based single-cell microencapsulation allows for high-resolution
analyses

To facilitate a homogeneous microenvironment during in vitro cul-
ture, ACs and ACPCs were encapsulated in agarose microgels using
droplet-based microfluidics. Analysis of the droplets showed that the
highest percentage of cell-laden microgels contained one cell (AC: 23.0
% (±7.56; n = 20); ACPC: 25.1 % (±5.37; n = 21)), following the
calculated Poisson’s distribution (Fig. 1A, B). The mean size of the
droplets containing ACs and ACPCs was 66.3 µm (±4.38; n = 200) and
65.8 µm (±3.72; n= 240), respectively (Fig. 1C). A batch of droplets was

Fig. 1. Cell type does not influence the encapsulation characteristics of agarose microgels. A: Calculated and measured Poisson’s distribution for ACs and ACPCs.
Line graph with mean and SD at each data point. B: Representative microscopy image of cell-laden agarose droplets in emulsion before gelation. Cells are indicated
with arrowheads. Scale bar = 50 µm. C: Violin plot showing the size distribution of the microgels. Unpaired t-tests showed no significant difference between ACs and
ACPCs. D: Box and whiskers plot of coefficient of variation in droplet size. Batches were considered monodisperse when CV < 10 %. Unpaired t-tests showed no
significant differences between ACs and ACPCs. E: Viability of ACs and ACPCs on days 0, 3, 5, and 10. The % of viable cells is based on DAPI presence and FACS
analysis with symbol colors corresponding to donors (uniform across all figures). Time points were compared with a mixed-effects analysis (ACs) or a Friedman test
(ACPCs). Cell types were compared with an independent t-test (day 3, 5, 10) or a Mann-Whitney test (day 0). Box and whisker plots show the median, first quartiles,
and minimum and maximum values. * p < 0.05; ns: not significant.
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considered monodisperse when the coefficient of variation (CV) of the
droplet size was < 10 %. Both cell types resulted in monodisperse
batches as the CV of the droplets containing ACs and ACPCs was 3.83 %
(±1.74; n = 11) and 2.91 % (±0.73; n = 12), respectively (Fig. 1D). No
significant differences were observed in Poisson distribution, droplet
diameter (AC: 65.4 µm ± 5.08; ACPC: 65.4 µm ± 3.64; p > 0.9999), and
monodispersity (AC: 3.72 % ± 1.68; ACPC: 2.91 % ± 0.73; p = 0.142)
between microgels containing ACs or ACPCs.

Based on the analysis of DAPI staining using FACS, cell viability
could be determined at the moment of analysis. Cells remained largely
viable during culture (Fig. 1E). The cell viability of ACPCs on day 0 (95.4
± 2.15 %) was significantly higher than ACs on day 0 (87.5 ± 5.85 %; p
= 0.028), but was significantly decreased on day 5 (78.6 ± 6.67 %; p =

0.0036) and day 10 (79.9 ± 7.33 %; p = 0.042). However, the viability
of the ACs at day 10 (58.4 % ± 30.6) significantly decreased compared
to day 0 (87.5 %± 5.85 %; p= 0.013) and day 3 (92.98 %± 2.71 %; p=
0.012). This can be attributed to the large donor variability in the cell
viability of ACs on day 10. One sample of ACs on day 10 showed an
extremely low cell viability of 10.6 %. As the effect of such low cell
viability on other readouts is unclear, this particular sample was
excluded from further analyses.

Encapsulated ACs and ACPCs rapidly produce PCM and ECM

To assess the synthesis of PCM (type-VI collagen and perlecan) and
ECM (type-II collagen) components, fluorescent antibody staining for
these matrix proteins were analyzed using flow cytometry and fluores-
cent microscopy. Additionally, a semi-quantitative analysis was per-
formed on the fluorescent microscopy images to assess the structural
quality of the produced PCM. The flow cytometry analysis (Fig. 2) and
fluorescence microscopy (Fig. 4) showed rapid production of PCM by
both ACs and ACPCs. Due to the large variance between donors, only the
MFI values for type-VI collagen for ACs significantly increased between
day 3 (7.79 ± 2.81) and day 10 (28.9 ± 16.5; p = 0.047). Additionally,
the perlecan MFI (Fig. 2B) significantly increased for ACPCs between
day 3 (16.0 ± 8.66) and day 10 (44.0 ± 41.85; p = 0.034), despite the
large variations between donors. Even though no other statistical sig-
nificances were found, trends of increasing MFI were visible for all
proteins.

As not all microgels contained the same number of cells, a semi-
quantitative analysis of the microscopy data was used to determine
the relative area of type-VI collagen and perlecan staining to the area of
DAPI staining. These results showed that the number of cells per
microgel possibly influenced the results of the flow cytometry analysis.
No significant differences were found for the relative area of type-VI
collagen staining (Fig. 3A). The relative area of perlecan staining

significantly increased for ACPCs on day 5 (0.39 ± 0.10; p = 0.029) and
day 10 (1.30 ± 0.19; p = 0.016) compared to day 3 (0.39 ± 0.76).
Additionally, the relative area of perlecan was significantly higher for
ACs on day 3 (1.01 ± 0.34; p = 0.013), but not on the other time points.
Together with the flow cytometry analysis (Fig. 2B), these results indi-
cate that ACPCs produce less perlecan in the early time points than ACs,
but reach similar levels after day 5.

Surprisingly, ACPCs showed large variations between donors in the
normalized MFI of the two PCM components (Fig. 2A, B). While most
data points fell in a similar range to the ACs, one sample exceeded the
others with normalized MFI three times higher for both type-VI collagen
and perlecan. This indicated larger variability between ACPC donors
when compared to ACs. As seen with the PCM components, there was
large donor variability in the production of type-II collagen. This can
especially be seen for ACs and ACPCs at day 10 when comparing the
normalized MFI’s (Fig. 2C). Both cell types showed samples with
normalized MFI’s in the lower and higher ranges. This indicated that
some donors were capable of synthesizing ECM earlier compared to
other donors. Additionally, when comparing the two cell types on day 5,
the variation of ACPCs was much larger compared to ACs, with the
maximum normalized MFI value of ACPCs exceeding the maximum
normalized MFI of ACs. This indicated that some ACPC donors were able
to synthesize ECM earlier compared to ACs and other ACPC donors.
These observations were supported by the microscopy data (Fig. 4).

Flow cytometry and microscopy suggest that matrix synthesis is a
sequential process

To have a more in-depth analysis of the co-synthesis of the matrix
components, flow cytometry data was plotted with quad gates, based on
the day 0 control samples. For visualization, all parameters were
normalized to these set gates. This eliminates the donor variability and
allows for the comparison of the fluorescence patterns of all samples.
The outer contours of each donor were plotted on the dot plots.

The patterns of the flow cytometry data suggested that cells pro-
duced matrix components in a sequential manner, which applied to both
the ACs and ACPCs. When comparing the two PCM components, type-VI
collagen and perlecan, the flow cytometry data showed that type-VI
collagen preceded perlecan synthesis (Fig. 5C-J). This can be observed
by the change of localization of the events in the quadrants over time.
The quadrants in the presented dot plots are based on day 0 staining (the
baseline). For both ACs and ACPCs, the dot plots showed that all events
are in Q4 (double negative), Q1 (only type-VI collagen positive), or Q2
(double positive). The number of events in Q3 (only perlecan positive)
was negligible. Over the culture period, the majority of the cells move
from Q4 on day 0, via Q1 on day 3, to Q2 on days 5 and 10. This general

Fig. 2. PCM and ECM components are rapidly synthesized by ACs and ACPCs but with large donor variability. MFI values normalized to day 0 for type-VI collagen
(A), perlecan (B), and type-II collagen (C) representing synthesis of these matrix components by ACs and ACPCs after 3, 5, and 10 days of culture in agarose microgels
with symbol colors corresponding to donors (uniform across all figures). Time points were compared with a mixed-effects analysis (ACs: type-VI collagen, perlecan), a
Kruskal-Wallis test (ACs: type-II collagen) or a Friedman test (ACPCs: all markers). Cell types were compared with an independent t-test (type-VI collagen: day 3;
perlecan: day 5; type-II collagen: day 5) or a Mann-Whitney test (type-VI collagen: day 5, 10; perlecan: day 3, 10; type-II collagen: day 3, 10). Box and whisker plots
show the median, first quartiles, and minimum and maximum values. * p < 0.05; ns: not significant.
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trajectory has been projected in Fig. 5A.
In agreement with the flow cytometry results, the microscopy results

illustrated similar phenomena. Fig. 5A and B exemplify the relation
between the quadrants and the microscopy data, showing cells that can
likely be allocated to the labelled quadrants. Microscopy images
matching dot plots for both cell types and at all time points have been
provided as a Supplementary figure (Fig. S1). When comparing the type-
VI collagen and perlecan stainings, perlecan always co-located with cells
that also produced type-VI collagen, but not the other way around.

When using the same analysis to compare type-II collagen to either

type-VI collagen or perlecan, the results suggest that both PCM com-
ponents were synthesized before type-II collagen was produced (Figs. S2
and S3). Type-II collagen was only observed when cells were positive for
both type-VI collagen and perlecan. These results are confirmed by
microscopy data (Fig. 4).

Cell populations of ACPCs display a more heterogeneous synthesis of
matrix components than ACs

Although the general patterns of expression seem similar between

Fig. 3. The stained area of type-VI collagen (A) and perlecan (B) relative to the area of DAPI staining indicates that the amount of matrix produced does not increase
with the cell content (with symbol colors corresponding to donors, uniform across all figures). Time points were compared with a mixed-effects analysis (ACs: type-VI
collagen; ACPCs: all markers) or a Kruskal-Wallis test (ACs: perlecan). Cell types were compared with an independent t-test (type-VI collagen: all time points;
perlecan: day 3, 5) or a Mann-Whitney test (perlecan: day 10). Box and whisker plots show the median, first quartiles, and minimum and maximum values. * p <

0.05; ns: not significant.

Fig. 4. Both ACs and ACPCs produce PCM and ECM components, but there are differences in structure and production rates by individual cells. Representative
fluorescence microscopy images of ACs (A-D) and ACPCs (E-H) in agarose microgels showing the presence of PCM and ECM components at days 0, 3, 5, and 10. Tiles
show DAPI (cyan) with either type-VI collagen (green), perlecan (violet), type-II collagen (red), or a merged view of all four channels. Scale bar = 50 µm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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donors and cell types, and the used platform facilitates a homogeneous
microenvironment for the cells, a heterogeneous cell response was
observed both within the cell populations and between donors. Varia-
tions between donors were highlighted by the shift in the differently
colored dot plots, which represent the individual donors (Fig. 5). This
reflects the distribution of data points of normalized MFIs (Fig. 2).

However, when looking at the flow cytometry data, details in het-
erogeneity within a cell population could be observed, which were lost
when only looking at the normalized MFIs. This variation was most
striking when comparing ACPC donors at day 10, where there was a
large discrepancy between cells that seemingly did not make any matrix
and cells that had produced all three investigated matrix components
(Figs. 5, S1-3). Especially the heterogeneous synthesis of the PCM
components of ACPCs (Fig. 5G-J) was noteworthy, as this degree of
heterogeneity was not observed in the AC populations (Fig. 5C-F), where
seemingly most cells synthesized at least some PCM components. As for
type-II collagen, both ACs and ACPCs displayed heterogeneity within the
same cell pool, visible in microscopy (Fig. 4) and flow cytometry data
(S2 and 3).

ACs produce structurally superior PCMs compared to ACPCs

The structure of the formed PCM was analyzed with a semi-
quantitative analysis of the microscopy data, generating results
describing the percentage of a cell nucleus covered by PCM and the PCM
thickness with respect to the nucleus (Fig. 6A). These analyses were
performed only on cells that produced a PCM, without considering cells
that did not produce a PCM.

When visually comparing the synthesized PCMs of the two cell types,
the PCMs of the ACs appeared structurally superior. The type-VI
collagen had formed compact, intact rings surrounding the cells
(Fig. 3A-D). This observation is supported by the analysis of the PCM
coverage (Fig. 6C). ACPCs that did produce a PCM were covered by
significantly less PCM compared to ACs on day 5 (AC: 91.2 % ± 4.4 %;
ACPC: 72.3 % ± 8.3 %; p = 0.002) and day 10 (AC: 88.7 % ± 7.5 %;
ACPC: 70.8 % ± 8.1 %; p = 0.017). Additionally, the mean distribution
of the PCM coverage shows that ACs have relatively more cells with
75–100 % coverage than ACPCs (Fig. 6D). The percentage of ACPC
within this region decreased during culture, while the fraction of cells
with 0–25 % coverage increased. This indicates that the cells that start
producing a PCM after day 3 have an inferior structure compared to the
fraction of cells that produced a PCM earlier.

Fig. 5. Flow cytometry dot plots show the relation between type-VI collagen and perlecan, suggesting a sequence in PCM synthesis and highlighting between-donor
and within-donor variabilities. The colored contours in the dot plots represent individual donors with colors corresponding to donors (uniform across all figures). A:
The quadrants in the dot plots are based on day 0 staining. The quadrants represent microgels without staining (Q4), only type-VI collagen (Q1) or perlecan (Q3), or,
both type-VI collagen and perlecan (Q2). The general trajectory of matrix synthesis observed over the culture time has been projected as the dashed line with ar-
rowheads. The microscopy images in B show cells that would likely allocate to Q1, 2, and 4, representing the distribution of the matrix components per quadrant.
Scale bar = 10 µm. During culture, ACs (C-F) and ACPCs (G-J) have similar patterns of PCM synthesis, where the presence of type-VI collagen precedes that of
perlecan. The colored contours highlight donor variability. The distribution of events over different quadrants shows the variability between individual cells,
highlighting heterogeneous cell behavior. Percentages are the mean of each quadrant.
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Fig. 6. ACs produce structurally superior PCMs compared to ACPCs based on PCM thickness (B) and coverage (C, D). The PCM thickness was defined as the mean
diameter of the PCM, measured from the cell nucleus (A). The PCM coverage is the percentage of the cell nucleus surrounded by type-VI collagen staining, with 100 %
defined as full coverage (A). Both parameters exclude cells without a PCM. Symbol colors correspond to individual donors (uniform across all figures). Time points
were compared with a mixed-effects analysis (PCM coverage: ACPCs; PCM thickness: ACs, ACPCs) or a Kruskal-Wallis test (PCM coverage: ACs). Cell types were
compared with an independent t-test (PCM coverage: day 5, 10; PCM thickness: all time points) or a Mann-Whitney test (PCM coverage: day 3). Box and whisker plots
show the median, first quartiles, and minimum and maximum values. * p < 0.05; ** p < 0.01; ns: not significant.

Fig. 7. When producing a complete PCM containing both type-VI collagen and perlecan, a subset of ACPCs can produce type-II collagen earlier than ACs. A:
Normalized MFI values of type-II collagen staining for cells that have produced both type-VI collagen and perlecan. This corresponds with the second quadrant as
seen in Fig. 5D-F and H-J. Time points were compared with a Kruskal-Wallis test (ACs) or a repeated measures one-way ANOVA (ACPCs). Cell types were compared
with a Mann-Whitney test (day 3) or an independent t-test (day 5, 10). Box and whisker plots show the median, first quartiles, and minimum and maximum values.
ns: not significant. B-G: Histograms of modal type-II collagen intensity in Q2 showing variations between donors and individual cells. The colors represent individual
donors (uniform across all figures).
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The PCM thickness (Fig. 6B) increased for both cell types, with sig-
nificant increases for ACs between day 3 (1.52 µm ± 0.12) and day 10
(2.20 µm ± 0.24; p = 0.0088) and for ACPCs on day 5 (1.93 µm ± 0.22;
p= 0.0034) and day 10 (2.07 µm± 0.09; p= 0.0018) compared to day 3
(1.05 µm ± 0.47). No significant differences were found between ACs
and ACPCs. These results suggest that both cell types are developing
their PCMs during the culture period.

When looking for the “ideal” population for cartilage repair, a subset of
ACPCs seems most promising

Synthesis of both PCM and ECM components by the cells is necessary
to achieve high-quality neocartilage formation. For this consideration,
the synthesis of PCM is the first requirement. From the flow cytometry
data, the cells that produce a functional PCM, both type-VI collagen and
perlecan, can be identified in the second quadrant (Q2; Fig. 5). However,
as can be observed in both the flow cytometry and microscopy data, not
all cells that synthesize a PCM also produced type-II collagen at the
investigated time points. Therefore, only the cells that had produced a
complete PCM containing both type-VI collagen and perlecan were
selected to compare the MFI of type-II collagen specifically (Fig. 7A). As
not all samples synthesized PCM at the same rate, samples with less than
100 events or less than 10 % of the events in the live gate were
considered for this analysis. This resulted in the exclusion of one sample
for ACs on day 3. As can be seen, the median MFI values were higher
than those of the complete cell populations (Fig. 2C). As was seen for the
complete populations, there were again large differences between do-
nors and individual cells. This becomes apparent when comparing the
distribution of type-II collagen staining in Q2 (Fig. 7B-G). Interestingly,
the distribution of peaks considered type-II collagen positive and
negative suggests that when ACPCs produce both type-VI collagen and
perlecan, the majority of the cells also produce type-II collagen. This was
not observed for the ACs. This was especially apparent on day 5. There
was however a large range in the staining intensity, indicating that not
all cells produce a similar amount of type-II collagen. This could also be
observed in the microscopy results (Fig. 4C, G).

Discussion

The presence of a PCM can alter the transduction of biophysical
stimuli to ACs [7–9] and neocartilage formation [13]. As the isolation of
chondrons results in a heterogeneous population [17,18], obtaining a
more in-depth understanding of PCM formation is essential. Since ACPCs
are considered a potential alternative plentiful cell source for cartilage
tissue engineering, investigating PCM formation by these cells is also
interesting. It was hypothesized that both ACs and ACPCs produce the
PCM components type-VI collagen and perlecan before type-II collagen.
Additionally, ACPCs were expected to produce a PCM, similar to ACs
and show more homogeneous cell behavior. This study shows that, be-
sides the production of the PCM preceding the ECM, there is a distinct
sequence in the production of PCM components, with type-VI collagen
preceding perlecan. This sequence in matrix synthesis was true for both
ACs and ACPCs. Contrary to expectations, ACPCs were found to produce
a structurally inferior PCM and displayed more heterogeneity between
individual cells when compared to ACs.

Analysis of both the ACs and ACPCs showed the same pattern of
matrix synthesis for both cell types. Fluorescent microscopy images
(Fig. 4, Fig. 6) and the flow cytometry results (Fig. 5) showed a clear
sequence in the synthesis of the analyzed matrix proteins, where the
synthesis of type-VI collagen precedes or is simultaneous with that of
perlecan. To the authors’ knowledge, there is no such clear record of this
sequence in the early phases of PCM synthesis in literature yet. Addi-
tionally, the PCM components were found to be synthesized before the
production of ECM component type-II collagen (Figs. S2, S3). This result
agrees with the current literature [13,28,32,33], again emphasizing the
relevance of the cell microenvironment for neocartilage formation.

Although type-VI collagen and perlecan are crucial for chondrocyte
function, their underlying synthesis mechanisms in chondrocytes have
not been thoroughly studied. In fibroblasts, the expression of the
COL6A1 and COL6A3 genes is highly dependent on Smad-2/3 signaling,
a TGF-β regulated pathway that also has large regulatory effects on type-
II collagen and aggrecan [34]. This study however suggests additional
regulatory mechanisms, as type-VI collagen synthesis precedes type-II
collagen. Nevertheless, from a matrix production point of view, this
sequence would be most efficient for retaining the produced perlecan in
a peri-cellular nest of collagen type-VI, and understanding these mech-
anisms could provide a deeper understanding of PCM and ECM synthesis
during chondrogenesis and may uncover potential methods to control
these processes.

Even though the results showed similar patterns in matrix synthesis
by both ACs and ACPCs, some essential differences could be observed.
PCMs produced by ACs were compact and thin, resembling native
chondrons [35] on day 10 (Fig. 3A-D), which is comparable to PCM
formation by human primary chondrocytes in alginate microgels
[36,37]. While ACPCs also produced type-VI collagen and perlecan,
their PCMs were less organized compared to ACs but did significantly
improve over time (Fig. 4E-H, Fig. 6). The coverage of the PCM around
ACPCs was significantly lower compared to ACs and the PCMs were less
thick on day 3. Additionally, the relative area of perlecan produced by
ACPCs was significantly lower on day 3. Since the combined presence of
perlecan with type-VI collagen is essential for the mechanical function of
the PCM [10,11], these PCMs could be considered immature. However,
the amount of perlecan and the PCM thickness did significantly increase
on day 10 to similar levels as ACs. The delayed PCM synthesis by ACPCs
until day 3 was possibly caused by the lack of TGF-β stimulation until
this time point. As BMP-9 stimulation was needed to differentiate the
ACPCs, future studies could consider starting a comparison between ACs
and ACPCs when both cell types are stimulated with the same growth
factors.

Currently, there is little literature on PCM synthesis by ACPCs. One
study by Anderson et al compared type-VI collagen and perlecan syn-
thesis by human ACs and ACPCs [27]. In contrast to their findings, the
PCMs formed by ACs and ACPCs in our study resembled native chon-
drons more closely. It is worth noting that Anderson et al exposed the
cells to different conditions, lacking exogenous growth factors and cells
were allowed to self-assemble into scaffold-free tissues. As ACs can form
well-structured PCMs in alginate without growth factor stimulation
[36], the high cell densities in their study might have affected this
process. The proximity of the cells could have interfered with PCM
formation of neighboring cells as ACs interact with type-VI collagen
through integrins. This might have resulted in a lack of pericellular
localization, indicating that lower cell densities could be beneficial for
PCM formation by ACs.

While ACPCs made better-structured PCMs in their study, they
differed significantly from those observed in our study, likely due to the
absence of BMP-9 and TGF-β stimulation. Other literature on the effects
of these growth factors on PCM synthesis by ACPCs is limited but pro-
vides some extra insights. In our study, ACPCs were stimulated for 3
days with BMP-9, which was found to be the most potent factor for
chondrogenesis by ACPCs [30]. BMP-9 stimulation upregulates the ac-
tivity of Smad-1/5/8, but not Smad-2/3 [38,39]. The synthesis of type-
VI collagen by ACPCs at day 3 again suggests Smad-independent stim-
ulation of type-VI collagen. Elucidating this mechanism could improve
ACPC stimulation and their PCM production.

Aside from the differences in matrix production by ACs and ACPCs, it
is evident that both cell types show heterogeneous cell behavior in a
homogeneous microenvironment. This heterogeneity was observed both
when comparing donors and individual cells within a donor population.
This is especially true for PCM synthesis by ACPCs, as can be seen when
comparing type-VI collagen and perlecan with flow cytometry (Fig. 5).
Interestingly, similar variations between donors and individual cells
were observed for both cell types (Figs. 4, S2, S3). ACs are known to
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display these variabilities as matrix synthesis is known to be highly
dependent on the donor [40] and a cell’s zonal origin [41].

Nevertheless, the rationale behind the variations in ACPCs is less
straightforward, since the true composition of ACPC populations is still
highly debated. Although ACPCs are known to share stem cell markers
with MSCs [42], no defined set of markers has been identified to
differentiate between ACPCs, MSCs, and even ACs. Therefore the ques-
tion remains whether ACPCs can be identified as one cell type or a
mixture of different cells, making the characterization of these cells
crucial [43]. This study showed heterogeneous matrix production by
ACPCs, especially type-II collagen. This indicates that ACPCs might not
be one cell type but a collection of different cells. As ACPCs can retain
their chondrogenic potential even after many passages [23,24], identi-
fying a subset of very potent cells, which could be further expanded,
could hold great value for using autologous ACPCs for cell-based carti-
lage repair. When considering the clinical translation of ACPCs, a main
difference in this study should be noted. Exogenous BMP-9 and TGF-β
were supplemented during culture, which could be considered less
representative of the in situ situation. Expanding this research to the use
of latent growth factors in the microgel material or other nanocarrier
methods could be an interesting course for clinical translation. More in-
depth research into the stimulation and population subsets of ACPCs and
their implications for clinical translation could result in high-potential
cartilage repair applications.

Regardless of the novel insights this study has provided, there are
some limitations to the used methods. The viability of both ACs and
ACPCs significantly decreased during culture (Fig. 1E), which could
indicate that the system is not compatible with these cells. It is hy-
pothesized that the swelling pressure inside themicrogels is increased by
the production of GAGs, causing them to burst. This could create larger
aggregates of cells and matrix, which would be lost during filtering
before flow cytometry analysis. This would mean that the cells pro-
ducing the most matrix are not included in the results on day 10.

The addition of the semi-quantitative analysis of the microscopy data
provided more understanding of the structure of newly synthesized
PCM. This analysis was based on the segmentation of the obtained mi-
croscopy images. However, the quality of the perlecan staining was
insufficient to perform a structural analysis based also on this PCM
component, since the staining was optimized for flow cytometry. Thus,
the structural analysis was restricted to that with collagen-VI. Addi-
tionally, since the microscopy data was obtained from the same samples
used for flow cytometry first, this data was not collected for all samples.
This decreased the sample size of the microscopy analysis.

The amount of PCM and ECM components analyzed was quite
limited. When expanding the analysis, adding fibronectin and pro-
teoglycans like aggrecan, chondroitin sulfate, and hyaluronan are
valuable since these are major PCM components besides type-VI
collagen and perlecan [7,35]. Additionally, analyzing integrins, focal
adhesions, and the actin cytoskeleton can elucidate the role of cell-
matrix interactions on PCM formation.

Although it would have made for more powerful statistical analysis,
it was not possible to harvest all ACs and ACPCs from the same donors.
Only 3 donors contributed both cell types, and the other cells came from
different donors. The data from each donor are color coded uniformly in
all figures, and one can look for consistent correlations of cell perfor-
mance between donors. Unfortunately, no obvious relationship was
evident. Furthermore, primary cells from donors were chosen to reflect
more the common clinical approach to cartilage tissue engineering.
However, this resulted in larger variability. With a lower biological
replicate number, not all observed mean differences were statistically
significant. Nevertheless, the conclusions drawn are based on statisti-
cally significant quantifiable differences, and the observed differences
between ACPCs and ACs should be used with caution until further
confirmed.

This study has shown that ACPCs can quickly synthesize the two
major PCM components type-VI collagen and perlecan, similar to ACs,

although there are differences in their structure. This is the first study to
thoroughly analyze the matrix synthesis of cartilage cells using flow
cytometry, which showed a distinct synthesis sequence with first type-VI
collagen, then perlecan, and finally type-II collagen. Additionally, the
current method-derived definition of ACPCs resulted in large variations
between individual cell behavior, as well as between donors, despite the
homogeneous microenvironment created by the presented culture sys-
tem. The outcomes of this study will contribute to a deeper under-
standing of PCM synthesis by ACs and the optimization of ACPC
stimulation for their use in cartilage repair.

Experimental procedures

Cartilage digestion and cell isolation

Articular cartilage was isolated and digested from bovine meta-
carpophalangeal joints (n = 11, AC: n = 9, ACPC: n = 5, age 8–12
months) following a previously described protocol [17]. In summary,
articular cartilage was enzymatically digested overnight with 0.15 %
collagenase type II (17101-015, Gibco™, Thermo Fisher Scientific,
Landsmeer, the Netherlands) and 0.1 % hyaluronidase (H3506, Sigma-
Aldrich, Zwijndrecht, the Netherlands) to obtain cartilage-derived cells.

The obtained cells were either subjected to differential fibronectin
adhesion to isolate the ACPCs or directly frozen to use as ACs. ACs were
frozen in 90 % fetal bovine serum (FBS, BCBV7611, Sigma-Aldrich) and
10 % dimethyl sulfoxide (DMSO, 276855, Sigma-Aldrich) and stored at
− 150 ◦C until further use. Before use, ACs were seeded at a density of
2000 cells/cm2 and expanded until passage 1 for further use.

Chondroprogenitor isolation

The methods of ACPC isolation were modified based on a previously
described protocol [30] In short, ACPCs were isolated after the enzy-
matic digestion of articular cartilage using differential adhesion to
fibronectin for 20 min. Nonadherent cells were subsequently removed
and the adherent cells were cultured with Dulbecco’s Modified Eagle
Medium (DMEM) with GlutaMAX™ (31966, Gibco™), 10 % FBS, 1 %
penicillin/streptomycin (P/S, m15070063, Thermo Fisher Scientific),
50 µg/mL ascorbic acid-2-phosphate (AsAP, A8960, Sigma-Aldrich), 1 %
MEM non-essential amino acids (NEAA, 11140050, Gibco™), and 5 ng/
mL recombinant human basic fibroblast growth factor (bFGF, 100-18B,
PeproTech, London, United Kingdom). After 5–7 days of culture, at ca.
80 % confluence, cells were released from the culture flask using 0.25 %
trypsin-ethylenediaminetetraacetric (EDTA) phenol red solution
(25200, Thermo Fisher Scientific). ACPCs were frozen in 90 % FBS and
10 % DMSO and stored at − 150 ◦C until further use. Before use, ACPCs
were seeded at a density of 2000 cells/cm2 and expanded until passage 3
for further use.

Fabrication of microfluidic devices

3-Inlet polydimethylsiloxane (PDMS, SYLGARD™ 184, Dow Sili-
cones, Seneffe, Belgium) microfluidic devices were fabricated according
to a previously described design (Fig. 8A) and protocol [44]. In short,
silicon wafers with 30 µm channel height were produced using soft
lithography. PDMS devices were bound to glass slides and channels were
made hydrophobic using 5 % 1H,1H,2H,2H-perfluorooctyltriethoxysi-
lane (667420, Sigma-Aldrich) in HFE-7500 fluorinated oil (Novec™
7500, 3M, Delft, the Netherlands).

Cell microencapsulation and culture

The method to produce cell-laden microgels was based on a previ-
ously described protocol [29]. After release from the culture flask, cells
were resuspended in 2 mM EDTA in PBS without calcium and magne-
sium (DPBS, 14190250, Thermo Fisher Scientific) at a concentration of
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107 cells/mL. The cell suspension was mixed 1:1 with 2 % w/v ultra-low
gelling temperature agarose (A5030, Sigma-Aldrich) in DPBS, resulting
in a 1 % w/v agarose solution with 5*106 cells/mL.

The first inlet of the PDMS microfluidic chip was used for the
continuous phase, containing 2.5 % (w/v) Pico-Surf surfactant (Sphere
Fluidics, Cambridge, United Kingdom) in HFE-7500. The cell-gel solu-
tion was loaded into the second and third inlet using the previously
described tip-loading technique [44] (Fig. 8A, B). Flow rates of the cell-
agarose mix and continuous phase were set to 5 µL/min and 30 µL/min,
respectively. The pipette tips and PDMS chip were kept at 37 ◦C with a
custom-made heating device to prevent premature gelation of the
agarose (Fig. 8B).

During droplet production, a sample of droplet suspension was
collected for imaging with an EVOS™ microscope (Thermo Fisher Sci-
entific) (Fig. 8C). Droplet diameter and cell distribution were deter-
mined using ImageJ software. The number of cells was counted per
droplet to calculate the distribution of cells, which was compared to the
theoretical Poisson distribution [45]. To determine the droplet diam-
eter, 20 droplets were measured per sample. Monodispersity was
determined by calculating the coefficient of variation. A batch of
droplets was considered monodisperse when the coefficient of variation
<10 % [46].

After production, droplet suspension was collected in an Eppendorf
tube and the agarose was allowed to gel for 15 min at 4 ◦C. After gela-
tion, the cell-laden microgels were collected by breaking the oil emul-
sion using 20 % 1H,1H,2H,2H-perfluoro-1-octanol (PFO, 370533,
Sigma-Aldrich) in HFE-7500.

Encapsulated ACs and ACPCs were cultured in 6-well plates loaded
with 0.4 µm pore size cell culture inserts (Sterlitech, Auburn, Wash-
ington, United States) for 3, 5, or 10 days (Fig. 8D). Culture media
contained DMEM (31966), 1 % ITS+premix (354352, Corning™, Life
Technologies Europe, Bleiswijk, the Netherlands), 1 % HEPES (15630-
080, Gibco™), and 1 % AsAp. ACs were stimulated with 10 ng/mL TGF-
β1 (100-21, PeproTech) and 0.1 µM dexamethasone (50-02-2, Merck
Life Science NV, Amsterdam, the Netherlands) for 10 days. ACPCs were
stimulated with 100 ng/mL BMP-9 (120-07, PeproTech) for 3 days,
followed by 10 ng/mL TGF-β1 and 0.1 μM dexamethasone for the
remaining 7 days. Culture media was changed every 2–3 days.

Antibody staining and flow cytometry

After culture, cell-laden microgels were collected from the culture
inserts and stained with a cocktail of antibodies for type-VI collagen
(1:200, FITC-conjugated, 600-402-108, Life Technologies Europe),
perlecan (1:200, Alexa Fluor™ 594-conjugated, sc-33707, Santa Cruz
Biotechnology, Dallas, Texas, United States), and type-II collagen
(1:200, MA512789, Thermo Fisher Scientific). A secondary antibody
(1:200, Alexa Fluor™ 647, A21236, Thermo Fisher Scientific) was used
for the staining of type-II collagen. All antibodies were incubated for 30
min on ice. Dead cells were stained with 4′,6-diamidino-2-phenylindole
(DAPI, 1:5000, D9542, Sigma-Aldrich), as it does not penetrate live
cells. Samples were analyzed using FACSymphony A3 (BD Biosciences,
Franklin Lakes, New Jersey, United States) and data was analyzed with
FlowJo (v 10.9.0, BD Biosciences). Details of the flow cytometry setup
are presented in Table S1.

To identify the gate for cell-laden microgels, a batch with empty
microgels was compared to a batch with cell-laden microgels (Fig. 9A).
Dead cells were excluded, based on a positive DAPI staining (Fig. 9B).
Viable cells were used for further analysis. An overview of the number of
live events is presented in Table S2. The presence of matrix components
was quantified using the geometric mean fluorescence intensity (MFI).
The MFI at days 3, 5, and 10 was normalized to day 0 samples to
eliminate donor-specific variations in autofluorescence.

Co-presence of the three matrix components was analyzed by plot-
ting two markers and creating quad gates based on the day 0 measure-
ments (Fig. 9C). These gates were copied to the data of days 3, 5, and 10
(Fig. 9D-F). For visualization, all parameters were normalized to these
set gates, thus eliminating sample-to-sample differences in fluorescence.

Immunofluorescence microscopy

After analysis with flow cytometry, the samples were fixed with 3.7
% paraformaldehyde in PBS for 15 min and permeabilized with 0.2 %
Triton X-100 in PBS for 10 min. Cell nuclei were stained with DAPI
(1:500). The suspension was centrifuged and 4 µL samples were taken
from the pellet. Samples were placed on a microscopy slide, covered
with a cover glass, and visualized using a combination of differential
interference contrast microscopy and widefield fluorescent microscopy
(20×, 0.4 NA, Axio Observer 7, Zeiss, Oberkochen, Germany).

To determine the relative amount of staining per cell nucleus and

Fig. 8. Overview of the microfluidics setup, cell encapsulation, and culture conditions. A: Microfluidic chip design for droplet-based microgel formation. The arrow
indicates the intersection where the emulsion is formed. B: Microfluidics setup showing the PDMS chip, pipette tips containing the cell-agarose mixture, and the
heating device. The numbers indicate the inlets and outlet, corresponding with Fig. A. C: Agarose droplets containing cells in emulsion before gelation. Scale bar =
50 µm. D: Schematic image of cell-laden microgels in a culture insert and growth factors added during culture.
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structural parameters of the PCM, a semi-quantitative analysis was
performed on the microscopy images using CellProfiler (v 4.2.6, Broad
Institute, Cambridge, Massachusetts, United States). The PCM thickness
with respect to the cell nucleus and the percentage of PCM coverage per
nucleus were determined (Fig. 6A).

Statistical analysis

All datasets were tested for normal distributions using a Shapiro-
Wilk normality test (p < 0.05). Parametric tests were used when the
dataset was normally distributed, otherwise nonparametric tests were
used. To compare droplet diameters of ACs and ACPCs, an independent
t-test was used. The mean differences in cell viability between culture
duration and cell type were compared using a two-way ANOVA with a
Tukey multiple comparisons post-hoc test. Timepoints were compared
with a repeated measures one-way ANOVA, or a mixed-effects analysis
for datasets with missing datapoints, and a Tukey multiple comparisons
post-hoc test. Datasets that did not pass the Shapiro-Wilk test were
compared with a Friedman test for repeated measures or a Kruskal-
Wallis test and Dunn’s multiple comparisons post-hoc test. ACs and
ACPCs were compared using an independent t-test or a Mann-Whitney
test. Data are presented as mean (±standard deviation) and signifi-
cance was set at p < 0.05. All statistical analyses were performed with
GraphPad Prism (v 8.0.2, San Diego, CA).
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